The magnetic and gravity anomaly maps covering the Izu-Ogasawara arc are compiled using the MGD77 data measured by the Hydrographic Department of Japan (JHD). A magnetic basement map is also obtained by applying the three-dimensional inversion method. Characteristic features of the crust of the Izu-Ogasawara arc are made apparent from the view point of the magnetic, gravity and topographic features. Especially, the distribution of the magnetic bodies with low p/J ratio, which belong to the granitic rock of magnetite series, becomes apparent in the forearc area of the northern part of the IzuOgasawara arc. The magnetic anomalies of the Nisi-Sitito ridge are well explained by the normal magnetization of topographic highs. This feature suggests the N-S arrangement of the arc when it was formed. The bulk magnetization per unit area (km2) along the Quaternary volcanic front of the southern arc is about 2.4 times as large as that of the northern arc. These features can be explained by the narrow and stable location of the volcanic front in the southern arc, which is related with the steep gradient of the subducfing slab. The magnetic edge effect of the Moho boundary can be recognized in the western margin of the northern arc. However, this feature becomes vague in the southern arc. A tectonic model to explain the origin of the different characteristics between the northern and southern arcs is presented by assuming the long and stable state of the steep dip angle of the subducting slab in the southern arc under the N-S arrangement of the arc. The plausible origin of NE-and NNE-trending en-echelon ridge and trough morphology is also given in consistent with the tectonic framework mentioned above.
Introduction
Regarding the tectonics of the Izu-Ogasawara arc, the following two different models have been proposed. Uyeda and Miyashiro (1974) ascribed the origin of the arc to the N-S trending transform fault of the Kula-Pacific Plate. On the other hand, Seno and Mamyama (1984) ascribed to the E-W trending subduction zone in the Philippine basin at the Eocene. A palaeomagnetic study of the igneous rocks from the Ogasawara ridge (Hasten and Fuller, 1991) revealed the clockwise deflected magnetization, which is in favour of the latter model. This evidence however, should be confirmed by a potential field analysis. Besides, the different geophysical and petrological features between the northern and southern IzuOgasawara arc bordered at the Sofu Tectonic line have been made apparent (Yuasa, 1985; Yuasa and Murakami, 1985) .
In recent years, the data base of topography and magnetic/gravity anomalies has become available through the Japan Oceanographic Data Center (JODC) as the results of enormous surveys conducted by HID, GSJ (Geological Survey of Japan), ORI (Ocean Research Institute) and other relevant organizations. The fulfillment of geophysical data enable us to delineate the characteristic features of the crustal structure and to reconsider the tectonics of the Izu-Ogasawara arc (Ueda, 1994; Okubo et al., 1994) .
The geophysical data used for this study are based on the sea-bottom surveys conducted by JHD. The track lines are shown in Fig. 1 . The dense track lines are at about 2 nautical mile (n.m.) intervals and relatively rough track lines are at about 5 n.m. The former were surveyed by the SN Shoyo as part of the Basic Map of the Sea Project at a scale of 1/200,000 and the latter by the SN Takuyo as part of continental shelf survey at a scale of 1/500,000 for the establishment of 200 n.m. economic marine zone (Kasuga et al., 1992). The survey includes depth sounding, seismic profiling, magnetic and gravity measurements. An ETOPO5 depth file of 5' x 5' mesh offered from NGDC (National Geophysical Data Center) ofNOAA were also employed to cover the unsurveyed area. Magnetic anomalies of total force were calculated based on the IGRF (International Geomagnetic Reference Field) 1985 model. Free-air gravity anomalies were deduced by subtracting the normal gravity values from the observed ones. The grid data were calculated by the iteration method using the 2nd degree polynomial fitting. The magnetic and gravity field in the vicinity of the Myozinsyo reef and other islands were interpolated from the surrounding data.
Terrain effect of gravity field (TE) was calculated by Parker's inversion method (Parker, 1972) . The Bouguer gravity anomaly (BG) at each grid point is given by BG = FG -TE + 68.75-D (mgal) for the assumed density of 2.67 g/cm3, where FG is a free-air gravity, and D is a grid-mean depth within the calculated area in km unit. The calculated Bouguer gravity anomalies for contiguous areas were then connected continuously by calculating the distance-depending weighted mean for the overlapping area.
The grid data thus obtained were expressed as contour maps of bathymetry, free-air and Bouguer anomalies and the total intensity magnetic anomalies, covering the northern and southern part of the Izu- Ogasawara arcs. To delineate the characteristics of the crustal structure, magnetic basement was calculated by an inversion method using an iteration algorism in a frequency domain (Oldenburg, 1974; Ueda, 1994 ). The basement map was then compared with topographic features to obtain the magnetization parameter of the topographic highs. A pseudo-gravity map was also prepared by the conventional method (Hagiwara, 198 0) to estimate density to magnetization ratios (p/Jratios) of the source bodies. The general procedures of the analysis conducted in the present study are summarized in Fig. 2 .
Geological Settings
Bathymetry of the Izu-Ogasawara arc is shown in Fig. 3 and representative topographic names and abbreviations are listed in Table 1 . The Izu-Ogasawara arc is characterized by N-S trending ridges named the Nisi-Sitito ridge, the Sitito-lozima ridge, and the Ogasawara ridge from west to east in parallel to the Izu-Ogasawara trench. The Sitito-lozima ridge corresponds to the Quaternary volcanic front. The morphological and geological features are quite different between the northern part and the southern part of the arc, which maybe bordered by the Sofugan tectonic line as noted by Yuasa (1985) . The inner region (the region to the west of the volcanic front) of the northern part is characterized by an en-echelon arrangement of the ridges in the west, the rifting zone such as Mikura, Hatizyo, Sumisu and Torisima depressions in the east. A province of troughs and knolls occurs between the two. On the other hand, the outer region (forearc region) is characterized by acoustic basement highs and sediment filled basins; inner arc highs such as the Sin-Kuro-Se shoal, the Sumisu spur etc. in the west and then followed trenchward by forearc basins, and outer forearc highs on the continental slopebreak. Diapiric seamounts are also recognized in the landward trench slopebreak east of Aoga-sima island (Maekawa et al., 1989) . The submarine canyons are also well developed in the forearc region. (Honza and Tamaki, 1985) . Other abbreviations are listed in Table 1 . Dotted areas indicate the topographic rises in the forearc region. The sites of ODP Leg 126 cruise are indicated by the site numbers with * mark (Fujioka et al., 1989) .
The southern part ofthe Izu-Ogasawara arc consists of the Sitito-lozima ridge, the Ogasawara trough and the Ogasawara ridge from west to east. In contrast to northern part of the Izu-Ogasawara arc, an enechelon arrangement of the Nisi-Sitito ridge becomes vague. Instead, the discrete features of the seamounts of the Sitito-lozima ridge become more apparent.
For the chronology of the basement rocks of the Izu-Ogasawara arc, no rocks older than Eocene age have ever been recovered. The rock samples from the forearc region show the wide range of age from 6
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Y. USDA age of 6 Ma (Yuasa and Murakami,1985) . This sample suffered weathering inconsiderable degree, so this age should be interpreted as a minimum. On the other hand, DSDP drilling holes (leg 126, site 792) on the continental slope east of Aoga-sima island revealed Mg-rich andesites overlain by sediments of turbiditefaciesoflateOligoceneage (Fujiokaetal.,1989; Tayloretal.,1990) .Inthesouthemarc,boninites and dacites recovered from Titi-sima island have the ages of26 to 41 Ma (KaneokaetaL, 1970; Tsunakawa, 1983) . Besides, Nummulites recovered from Haha-sima island favors the Eocene time as the ridge formation.
In contrast to forearc region, few dated rocks are available for the Nisi-Sitito ridge. The basaltic rocks dredged from a seamount (D368) 100 km west of Sumisu island gives a unique K-Ar age of 2.2 Ma (Yuasa and Murakami, 1985) .
Rock chemistry of the Sitito-Iozima ridge reveals along-arc variations (Yuasa and Nohara, 1992) ;the northern part of the arc (Osima to Sohugan) is characterized by low-alkaline tholeiite and the southern part (Nisino-sima to Minami-lo-sima) by high alkaline tholeiite. The Quaternary volcanic islands of Osima, Miyake, Mikura, Hatizyo are basaltic stratovolcanoes. The other volcanoes, Sumisu-sima, Tori-sima and Sohugan, also have outcropped the basaltic rocks. On the other hand, acidic rocks such as dacitic and ryholitic rocks were dredged from submarine calderas of Kurose hole, Daini-, and Daisan-Aoga-sima knolls, Myozin knoll, Sumisu-sima, Daisan-Sumisu knoll in the northern arc. These acidic rocks are rich in TiO2, FeO relative to the average value of Japanese granitoids (Yuasa and Nohara, 1992) . The acidic to andesitic rocks were also sampled from the inner forearc high of Omuro Dasi shoal, Sin-Kuro-Se shoal, and DSDP site 792, 793.
The volcanic chains in the southern Izu-Ogasawara arc can be separated into three groups in terms of alkali content as proposed by Yuasa and Nohara (1992) . The first group consists of Omati, Sawa and Sitiyo seamounts located in the Nisinosima trough. The second group is from Nisino-sima to Kita-lo-sima, and the third is from lo-sima to Minami-lo-sima. The first group outcropped mainly andesite rocks, whereas the intermediate group and the Doyo seamount outcropped basaltic rocks. From the Ogasawara ridge, boninites and Mg-rich andesites were recovered as mentioned before.
Characteristic
Features of Magnetic and Gravity Anomalies 3.1 Gravity anomaly Free-air and Bouguer gravity anomaly maps of the Izu-Ogasawara arc were compiled and shown in Figs. 4 and 5, respectively. To extract the gravity anomalies corresponding to shallow sources in the crust, the high-pass filtered anomalies (d.c=i6okm: Fig. 6 ) were calculated. The free-air gravity anomaly map indicates conspicuous gravity anomalies associated with the Ogasawara ridge, whose amplitude amounts to 360 mgal. The positive gravity anomaly seems to extend northward in good accordance with the outer forearc high. The negative free-air gravity anomaly over the Ogasawara trough can also be traced up to 32° 15' N, as expressed by the concaved pattern corresponding to the forearc basin. The above features are also recognized in the Bouguer gravity anomaly map. The complicated free-air gravity anomalies of the Nisi-Sitito ridge becomes featureless in the Bouguer gravity anomalies, which suggests that the mean density of the ridge agrees well with the assumed density of 2.67 g/cm3. The Bouguer gravity anomalies associated with Quaternary volcanoes also become subdued in comparison with the free-air gravity anomalies, but some oval patterns remain over seamounts in the southern part, which are especially apparent at Kaitoku seamount and Kita-Io-sima island. These features are clearly shown in the high-pass filtered Bouguer gravity anomaly map. This fact suggests that the mean density of the southern seamounts (from Nisino-simato Minami-Io-sima) is larger than the assumed density (2.67 g/cm3), reflecting the basaltic composition of the edifices.
The back-arc rifts of the northern arc (Hatizyo, Sumisu, Torisima basins) seem to be accompanied with relative gravity highs as shown in the high-pass filtered Bouguer gravity anomaly map, which may manifest intrusive basic bodies of large density. In the northern arc, a low Bouguer gravity anomaly zone (140 to 150 mgal) occurs to the west of the Quaternary volcanic front. This zone becomes obscured to the south of the boundary shown by the steep gravity gradient zone running W SW from the vicinity of Torisima island (G-G' in Fig. 5 ). Because Bouguer gravity low is due to the crustal thickening, in general, afore-mentioned features suggest that the crustal thickness of the inner arc decreases abruptly at this boundary.
In contrast to the northern arc, the southern arc has the low Bouguer anomaly zone over the Ogasawara trough to the east of the volcanic front (forearc region). A minimum of Bouguer gravity anomalies, less than 100 mgal, occurs over the southern part of the Ogasawara trough. The amount of gravity depression exceeds 100 mgal relative to the surrounding values, which cannot be attributable to sedimentary layer of negative density contrast alone as shown by Katao et al. (1990) . The Nisinosima trough, which is bounded to the north by the Sohugan tectonic line, is characterized by a relative Bouguer gravity high up to 30 to 40 mgal. These features imply thinning of the crust. The extraordinarily large Bouguer gravity up to 400 mgal in amplitude over the Ogasawara ridge may be explained by the upheaval of the Moho boundary, but part of them may be caused by the ridge itself as noted from the associated positive short-wavelength Bouguer anomalies. Table 1 .
Magnetic anomaly
The forearc region of the northern part of the Izu-Ogasawara arc is characterized by the intermediate amplitude (>200 nT) and long-wavelength magnetic anomalies (1 to 5 in Fig. 7 ). These anomalies may correspond to igneous rocks of Eocene to Oligocene age as mentioned in the fore-going section. Remarkable anomalies with amplitude larger than 300 nT are recognized in the west of the Sin-Kuro-Se shoal, south of Hatizyo island, near of Aoga-sima island and in the vicinity of Sohugan island (10 to 13 in Fig. 7 ). On the other hand, some volcanoes are not accompanied by appreciable anomalies (SU, TR, Table 1 .
El in Fig. 7 ). These features may reflect the differences in petrological composition of these volcanoes. The Sitiyo seamounts chain show remarkable magnetic anomalies. Among them, the Mokuyo seamount (E6) shows anomalous patterns; the negative peak to the east and positive to the west of the edifices as reported by Yamazaki et al. (1991) . The other seamounts from E7 to KK are characterized by a dipolemagnetic anomaly pattern with large amplitude. On the other hand, the magnetic anomaly patterns of seamounts from KT to SW are somewhat different from the dipole pattern; slightly westward-deflected pattern of KT, the enhanced negative peak of KI, the E-W elongated magnetic anomaly far apart from the edifices of SW. The magnetic anomalies over the Nisi-Sitito ridge show typical dipole anomalies. The Ogasawara ridge is characterized by isolated anomalies with a significant amplitude. This feature suggests that the Ogasawara ridge is a composite of several magnetic blocks. The anomaly B 1 and B2 (Fig. 7) show paired anomalies; negative peak to the east and positive one to the west. This pattern indicates the eastward magnetization direction. However, the above features become obscured with the anomaly B3, which shows the normal magnetization of the causative body.
4. Characteristics of the Crustal Structure 4.1 General view of magnetic basement structure A magnetic basement structure was estimated under the assumption that the magnetic basement is polarized in the present field direction with magnetization intensity of 5.0 A/m. The reference depth of the magnetic basement was assumed to be 4.0 km below sea level. The contour map of magnetic basement is shown in Figs. 8(a) and 8(b), the relief of the magnetic basement is shown by shaded pattern with topographic contour lines. Remarkable magnetic basement highs (SKR, AGR, SUR, TRR, SFR) appear in the regions from the continental shelf to slope of the northern arc. These basement highs seem to extend to the present volcanoes; SUR to Sumisu island, TRR to Tori-sima island, SFR to Sohugan island. The submarine canyons or topographic depressions in the forearc region segment the above basement blocks, which suggest the structural origin of these topographic depressions. On the continental slope break, several magnetic basement highs are recognized in good correspondence with topographic highs (ORI, 0R2). The magnetic basement relief of the Nisi-Sitito ridge shows close resemblance with topographic one. A N-S trending zone of the magnetic basement high is also apparent (NSR). This zone can be traced southward across the Sofugan tectonic line (SFL), although the features become vague to the south of SFL.
The Quaternary volcanoes are generally accompanied by discrete magnetic basement highs, although considerable variations of their size can be recognized. It is also noted that the basement highs of the seamounts belonging to the southern arc (here, E5 to IW) is significantly larger than those of the northern arc. The local magnetic basement highs are also recognized beneath the back-arc rifting zones (HB, TB). On the contrary, Mikura basin is characterized by the depressed basement structure.
We can see a good correspondence between the magnetic basement high (OG1) and the topographic high underlying Haha-sima island of the Ogasawara ridge. The other basement highs (OG2, OG3), which also show similarity with topographic highs, however, are accompanied with basement depressions to the east. The latter may manifest the clockwise deflected magnetization or non-uniform magnetization of the buried magnetic bodies.
We can recognize a close correlation between faults or topographic depressions and magnetic basement structure. The Sofugan tectonic line (SFL), a fault with a sharp cliff, seems to be accompanied with vertical displacement of the magnetic basement. Other topographic depressions such as IWC (Io submarine canyon), SFB2 (depression to the south of the Sohu trough) also show good correspondence with magnetic basement low. The Sofugan tectonic line (SFL) intersects the magnetic basement of Tenpo (R2) seamount. Besides, we can also trace the sharp cliff along this tectonic line for more than 200 km. These features imply that the SFL should be active after the formation of this seamount.
Cross-sectional view of magnetic basement and other geophysical data
(1) Northern part of the Izu-Ogasawara arc In order to clarify the characteristics of magnetic basement, a psuedo-gravity was calculated under the assumption of normal magnetization with p/J ratio (density to magnetization intensity) of 100 cm3/emu. In Figs. 9a and 9b, several cross-sections of the magnetic basement and other geophysical data are shown.
The section-N103 transects the arc from the Mikura basin to the Sin-Kuro-Se shoal. The amplitude ofthe short-wavelength Bouguer gravity anomaly over the Sin-Kuro-Se shoal is very small relative to that of pseudo-gravity; i.e. about one third of the latter. This feature shows that the magnetic basement high corresponding to the Sin-Kuro-Se shoal has a small p/J ratio less than 35.
In section-N88, we can see a inverse correlation between Bouguer and pseudo-gravity anomaly in the forearc region, where the best-fitted p/Jratio becomes -90. The section-N55 also transects the forearc magnetic anomalies in the east of Sumisu-sima island. These sections imply that the features of short- under the assumption of uniform magnetization. Referring to the crustal structure along 32°N obtained by Hotta (1970) , we can see a thick intermediate velocity layer of 5.4 km/s having depressed lower boundary beneath the forearc region (Fig. 10 ). If this seismic velocity structure represents the general structure of the northern arc, the forearc magnetic basement highs can be correlated to this velocity layer. Although granitic rocks of magnetite series have not been recovered from the forearc region, the P-wave velocity and the acidic rocks rich in TiO2, and FeO may suggest the existence of the granitic rocks of magnetite series beneath the forearc region, which are thought to be the most plausible magnetic sources in the forearc region. Concerning the inner zone of the arc, we see the magnetic basement high corresponding to the NisiSitito ridge. The linearity ofthis basement high can be traced southward as far as the west of lo-zima island. In section-N88, the intrusive magnetic body is well represented beneath the back-arc rift of the Hatizyo basin.
(2) Southern part of the Izu-Ogasawara arc Figure 9b shows the cross-sections of the magnetic basement and other geophysical data in the southern part of the Izu-Ogasawara arc. In section-S88 and -573, we see a good correspondence between the topographic and magnetic basement highs for the volcanic front. It is also apparent that Sofugan tectonic line (SFL) is accompanied with vertical displacement ofthe magnetic basement. The section-S73, transecting Tenpo and Nisi-Tenpo seamounts, also shows the uplifted magnetic basement high corresponding to these seamounts. However, the associated Bouguer gravity anomaly is featureless reflecting probably small p1J ratio of the causative magnetic bodies. The above features imply an origin of these bodies similar to those in the forearc magnetic basement highs in the northern part of the Izu-Ogasawara arc, as suggested by Yamazaki et al. (1991) .
Regarding the Ogasawara ridge, the magnetic basement of Hahasima block (OG 1) shows significant resemblance with topographic highs as shown in section-558, but it becomes obscured for the Titisima and the northern Titisima blocks (OG2, OG3), as revealed by section-S73 and -588.
Estimation of the magnetization intensity of topographic highs
A correlation analysis between topography and magnetic basement was carried out in order to estimate the magnetization of the topographic highs (Grauch, 1987) . The high correlation zones are displayed by the shaded pattern: positive correlation zones by dark pattern and negative ones by gray pattern (Fig. 11 ). This figure shows several high correlation zones trending in along-arc direction. In the northern arc, high correlation zones occur over the Nisi-Sitito ridge (Al), which justifies the normal magnetization of these topographic highs. Others are recognized in the forearc region (B 1, C 1). The inner zone (B 1) corresponds to the Quaternary volcanoes and the inner forearc high, and the outer zone (C1) corresponds to the topographic uplifts on the continental slopebreak. The back-arc rift zones are generally characterized by negative correlation. In the southern arc, several high correlation zones such as A2, A3, B2, C2, C3 are recognizable. The zones of A2, A3 occur over the western margin of the southern Izu- Ogasawara arc. The seamounts denoted by RI, R2 and R3, which are located on the southern extension of the Nisi-Sitito ridge, are included in these zones. The zone B2 corresponds to the Quaternary volcanic front. The zones C2, and C3 correspond to the topographic highs of the Ogasawara ridge. The Ogasawara ridge is supposed to be subject to clockwise rotation (Haston and Fuller, 1991) , however, the good correlation between topography and magnetic basement is recognized for the topographic highs lying the Haha sima islands (C3). These high correlation zones are significant to consider the tectonic framework of the Izu-Ogasawara arc.
The estimated magnetization intensities of topographic highs are summarized in Table 2 . In this table, Samples are cited from Yuasa and Murakami (1985) , Yuasa and Nohara (1992) .
the calculated density obtained by Ishihara (1987) as well as lithology of dredged samples are shown. The magnetization intensity of the seamounts on the Nisi-Sitito ridge shows widely spreading values from 3.8 A/m (TI) to 9.8 A/m (Tl0). The magnetization intensity of seamount S2 (8.9 A/m) is consistent with basaltic rocks dredged from this seamount. On the other hand, seamount S4 indicates relatively low magnetization intensity (4.2 A/m) inspite of the dredged basaltic samples, but this value may reflect the porous body of this seamount as inferred from a small density (2.55 g/cm3). The derived magnetization intensity tends to increase toward east; 3.9 A/m (T4) increases to 4.2 A/m (54), further to 6.3 A/m (S3), and 4.7 A/m (T8) increases to 9.8 A/m (T10) etc. The magnetization intensities of the Quaternary volcanic islands tend to some extent to be larger than that of the Nisi-Sitito ridge. This increasing trend may reflect a different crustal anatexis or crystal fractionation process. Some edifices along the volcanic chain of the southern arc indicate low correlation coefficients; E5 in Sitiyo seamounts, KI, IW and SW in the southern part of the chain. These low coefficients may arise from anomalous magnetization direction and/or nonuniform magnetization resulting from demagnetization effect due to high geothermal gradient and compositional variation within the edifice. The notable large magnetization intensity of the Mokuyo seamount (E6) seems to be consistent with the relatively large density estimated by Ishihara (1987) and the basaltic rocks dredged from its flank. Such a large magnetization intensity is also confirmed for KK and KI, although the derived density itself is not so large as E6. As a whole, the magnetization intensities of the edifices in the Sitito-lo zima ridge tend to be larger in the southern arc than in the northern arc, reflecting the compositional difference. The Nitiyo and Sawa seamounts, which belong to the older seamounts group among the Omati, Sawa and Sitiyo seamounts (Yuasa and Nohara, 1992) , show high correlation values implying the normal magnetization of these seamounts.
4.4 Along-arc and cross-arc variation of the bulk magnetization From the magnetic basement relief, the bulk magnetization (the product of magnetization intensity by volume) ofthe crust is estimated. This is the result of accumulation of the magnetic materials produced by igneous activity including plutonism. Differences in the igneous activity will thus be estimated from different bulk magnetizations. The magnetic basement model shown in Fig. 8 was used for the estimation of bulk magnetization per unit area. We defined cross-arc variation as the variation orthogonal to the trend of the arc, and along-arc as one parallel to the arc. Figure 12 shows the cross-arc variation of the bulk magnetization per unit area (hereafter referred to BMR). From this figure, we can recognize that the forearc region of the northern arc is characterized by high BMR value. In addition, another peak corresponding to the Nisi-Sitito ridge is also recognizable in Fig. 12(a) . The latter peak is suppressed in comparison with that of volcanic front due to the oblique trend of the Nisi-Sitito ridge against the volcanic front. Figure 12(b) shows the BMR for the southern arc. Two peaks corresponding to the present volcanic chain and the Nisi-Sitito ridge occur. The former peak is somewhat larger than the latter. Three along-arc variations are calculated for the zones of 20 km width along the volcanic front and the Nisi-Sitito ridge (Fig. 13) . The mean value of along-arc BMR of the Quaternery volcanic front in the north of Sohugan island is 1.77 and that of the Nisi-Sitito ridge is 1.70, respectively. This similarity manifest that the Nisi-Sitito ridge was an old volcanic front having nearly the same production rate of magnetic materials as the present volcanic front of the northern arc. On the other hand, the mean value of along-arc BMR of the southern volcanic chain between the Kinyo (E7) and the Kaitoku (KT) seamount becomes 4.32, which is about 2.4 times that of the northern volcanic chain. This feature suggests that the production rate or duration of volcanic activity is much larger in the southern volcanic front than in the northern part.
In Table 3 , the bulk magnetizations estimated for the respective magnetic blocks are shown. The magnetic basement in the forearc region has remarkably larger bulk magnetization relative to those of Quaternary volcanoes by the amount of one order. The volcanic edifices to the south of the Nisino-sima seamount also show larger bulk magnetization value than the northern volcanic edifices.
Estimation of p/J ratio at the Moho boundary
As the bodies of wavelengths longer than 160 km are compensated by the isostasy due to the variation of the crustal thickness (Tsuboi and Yamaguchi, 1940; Hagiwara, 1967) , the Bouguer gravity anomalies longer than 160 km in wavelength should be related with the undulation of the Moho boundary. The Moho boundary also has been assumed to be the magnetic boundary; the layer beneath the Moho boundary is nonmagnetic in general (Wasilewski et al., 1979) . These features enable us to evaluate density-tomagnetization (p/f) ratio at the Moho boundary by the correlation analysis between the long-wavelength Bouguer gravity anomaly and the long-wavelength pseudo-gravity. The long-wavelength Bouguer gravity anomaly was calculated by subtracting the short-wavelength anomaly (Fig. 6 ) from the Bouguer gravity anomaly (Fig. 5 ) and shown by solid contour lines in Fig. 14. A gravity gap at the boundary region was caused by the filtering process of the Bouguer gravity anomalies.
The distribution of the derived correlation coefficient and p/J ratio are shown in Fig. 14. The reversely correlated zone with high magnitude of correlation coefficient larger than 0.5 is shown by shaded areas whose gradation vary with the range of p/J ratio. From this figure, we can recognize the reversely correlated zone in the western part of this map (Al), where the Moho boundary is elevated toward the Sikoku Basin. The corresponding p/Jratio varies in the range from -100 to -300. This may indicate that the magnetic properties of the lower crust near the Moho boundary is heterogeneous in the lateral direction. On the contrary, the other reversely correlated zones (B 1) has the p/J ratio in a narrow range from -75 to-150. The results mentioned above imply that the lower crust of the northern arc is magnetic, and the edge effect of the Moho boundary is reflected on the surface magnetic anomaly over the western margin of the ridge.
The reversely correlated zone of the southern arc occurs in adjacent to the minimum Bouguer gravity anomaly zone, where the crustal thickness becomes maximum in the southern arc. In comparison with the northern arc, the correlation is generally poor, as seen from the restricted high correlation zone. This feature may be caused by weak magnetization contrast and/or higher thermal condition at the depth near the Moho boundary. The thin crustal layer relative to northern arc and a low P-wave velocity structure beneath the Moho boundary (personal communication from Dr. K. Suyehiro) of the southern arc are consistent with these results. The p/J ratio corresponding to the high correlation zone ranges from -300 to -375, which is relatively large in magnitude in comparison with the values in the northern arc. The large p/J value can be explained by a small magnetization contrast at the Moho boundary reflecting high temperature condition.
Discussion
The new findings described in the foregoing sections propose the basic constrain about the tectonic framework of the Izu-Ogasawara arc. In this section, new tectonic interpretations on the origin and tectonic history of the Izu-Ogasawara arc are presented.
5.1 What has brought the different geophysical and morphological features between the northern and southern arcs? It has been noted that the Izu-Ogasawara arc displays the different features between the northern and southern arc, such as an en-echelon structure of the Nisi-Sitito ridge, different thickness of the crust, and the petrological composition of the volcanic islands (Yuasa, 1985) . The present study also points out the existence of other contrasting features such as the bulk magnetization contrast at the volcanic front, the different feature of the magnetic anomalies correlative to the edge effect of the Moho boundary. Bouguer gravity anomalies presented in the present study also affirm the distinctive features. The tectonic model of the Izu-Ogasawara arc should comprise the origin of theses contrasting features.
The present study proposes that the geomorphological characteristics of the Nisi-Sitito ridge was generated in the N-S arrangement of the northern arc. Such normally magnetized seamounts in the NisiSitito ridge can be traced further south as noted from Nisi-Kaitoku seamount (R3) located at 25'55'N, 139'45'E in the southern arc. The normal magnetization is also estimated on the magnetic basement of Haha sima islands on the Ogasawara ridge. Yuasa and Nohara (1992) described the contrasting features between the northern and southern Izu-Ogasawara arc from the view points of petrological, geophysical and morphological aspects, and ascribed them to the different crustal thickness resulting from the southward Pacific plate subduction beneath the Philippine Sea plate before 42 Ma (Seno and Maruyama, 1984) . The present study, however, indicates that the en-echelon ridges of the northern arc were formed under the N-S arrangement of the arc, which forced us to account the origin of the contrasting features underthe N-S arrangement ofthe arc. The large bulk magnetization along the volcanic front in the southern arc can be explained by the stable and narrow width of the volcanic front. The latter condition can be related to the steep dip ofthe subducting plate, because the lateral width of magma sources on the W adatiBenioff zone becomes narrow in the case of a large dip angle. The large dip angle of the subducting plate is caused by decoupling between the subducting slab and the overlying plate. As for the southern part of the Izu-Ogasawara arc, the large dip angle has been ascribed to the last phase of the subducting cycle (Kanamori, 1977) . However, such phenomena may also be caused by the low viscosity and high temperature condition of the surrounding mantle as suggested by Shiono et al. (1980) . The different feature of the magnetic edge effect of the Moho boundary supports the high temperature condition in the southern arc.
Furthermore, the successive collisions of the Pacific seamounts against the southern Izu-Ogasawara arc may have also brought about the enhancement of frictional heat, maintaining high temperature condition of the surrounding mantle. It has been noted that an accretional process and underplating of oceanic materials play an important role for the formation of continental crust. However, these processes are replaced by tectonic erosion when subducting angle becomes steep as is the case of the southern part ofthe Izu-Ogasawara arc-trench system (Uyeda and Kanamori, 1979) . So, the long duration of decoupling process may have resulted in a relatively thin crustal layer of the southern arc (Isozaki et al., 1990 ). As mention above, the relatively thin crustal thickness of the southern arc can be accounted for by assuming that the Pacific plate has been subducting with steep dip angle like a present state.
It is likely that the Nisi-Sitito ridge continues to the West Mariana ridge as shown in the bathymetric map No. 6302 (JHD). The West Mariana ridge was also old volcanic chains in late Pliocene age (Karig, 1971) . The rock samples dredged from the Nisi-Sitito ridge also show Pliocene age. This agreement may imply that the volcanic activity or rifting in the northern arc occurred simultaneously with the rifting of the West Mariana ridge in Pliocene age. The en-en-echelon arrangement of the Nisi-Sitito ridge may be ascribed to the trenchward movement ofvolcanic front and conjugate fault arrangement as discussed later. In the southern arc, the collision of the Ogasawara plateau prevents the retreat of the trench, producing a nodal point of the arc-trench system. This collision have also caused the large undulation of the Moho boundary in the southern arc as shown by the large Bouguer gravity anomalies associated with the Ogasawara ridge. The steep inclination of the subducting plate may have also confined the volcanic zone within a narrow range, which may have brought the considerably large volume of volcanic edifices as well as large BMR values in the southern arc.
The origin of NE-and NNE-trending en-echelon ridge and trough structures
The origin of the NE-striking en-echeon arrangement of the Nisi-Sitito ridge, is a long standing subject on the tectonics of the arc. Several ideas have been proposed on this matter (Karig and Moore, 1975; Kaizuka, 1975; Bandy and Hilde, 1983) . Karig and Moore (1975) proposed that the en-echelon ridge and trough structure was formed by the N-S compression caused by the southward movement of Japan. They also pointed out that the trend of the en-echelon arrangement gradually changes to the NNE-SSW direction southward. Bandy and Hilde (1983) also described that the Izu-Ogasawara arc is separated into fourcrustal blocks bythe three transverse right-lateral strike-slip faults trending NE to NNE direction. The central Bonin dislocation, the southernmost dislocation of their scheme, corresponds to the Sofugan tectonic line. They ascribed the cause of faulting to the southeastward migration of the Japan and the collision of the Marcus Necker ridge at the southern Izu-Ogasawara arc. As the hypotheses proposed by Karig and Moore (1975) , and Bandy and Hilde (1983) ascribed the southward or southeastward movement of Japan to the opening of the Japan sea, the time of formation of the en-echelon features should be restricted in the Miocene between 21 Ma and 11 Ma (Otofuji et al., 1985) . These schemes have some problems in regard to the chronology and the morphological interpretation of the topographic features of the forearc region. The dated rock dredged from the en-echelon ridge shows the Pliocene in age (Yuasa and Murakami, 1985) , which is much younger than the chronology estimated by their schemes. Besides, the different morphological and geophysical features between the NE-trending and NNE-trending enechelon ridges were not taken into account in their scheme; the NE-trending ridges are more distinct in morphological and geophysical features and they are restricted in the northern arc. As to the morphological interpretation, Yuasa (1985) proposed the left-lateral faults instead of the right-lateral faults. Such a discrepancy in the morphological interpretation is attributable to the ambiguity of the morphological interpretation of the relatively featureless forearc configuration. Kaizuka (1975) proposed an alternative model for the origin of the en-echelon arrangement of the ridges in the inner arc of the Izu-Ogasawara arc. He ascribed the N-E trending en-echelon arrangement to the northward shift of the volcanic arc (the region between the volcanic front and the eastern margin of the Sikoku basin) driven by the tensile force due to faster northward movement of the outer arc (the region between the trench and the volcanic front). He assumed that the outer arc, relatively cool and rigid in nature, was pulled northward due to the oblique subduction of the Pacific plate. This idea is attractive, but no evidence showing the left-lateral strike-slip faults caused by northward shift of the inner arc has not been made apparent. Alternatively, present author would like to ascribe the origin to combination of the faulting and the trenchward movement of volcanic front due to the retreat of the trench or gradual increase of the descending angle of the slab. This idea could explain an en-echelon arrangement in the northern arc without no assumption of the left-lateral faulting. This hypothesis also explains that the extension of the en-echelon volcanic ridges intersects the volcanic front at the Quaternary volcanoes. The NNE-trending troughs and ridges such as the Sofugan tectonic line, Iwo marine canyon etc. can be traced south-southwestward as the topographic lineaments of the Parece Vela basin (Mrozowski and Hayes, 1979) . Yuasa (1992) pointed out that the Nisinosima trough was a rifting zone creating the Parece-Vela Basin and thatthe Sofugan tectonic line was the western edge ofthis rifting zone. However, the otherNNEtrending topographic lineaments can be recognized to the north of the SFL. Referring to Yuasa and Murakami (1985) , which pointed out that the Quaternary volcanic chain was dislocated at this tectonic line, the SFL should be active in recent geological time. So, it seems more reasonable to ascribe the origin of these NNE-trending topographic features, including the SFL, to the rejuvenation of the ridge and trough zones of the Parece-Vela basin which were formed before opening of the Sikoku basin. This interpretation is consistent with the seismic reflection profiles of the NNE-trending troughs showing the recent activity (Bandy and Hilde, 1983) . The collision of the Marcus Necker ridge against the southern part of the IzuOgasawara arc is supposed to have caused the rejuvenation of the Sofugan Tectonic Line as well as other NNE-trending topographic lineaments.
Conclusions
From the present study on magnetic and gravity anomalies of the Izu-Ogasawara arc, following characteristics have become apparent.
(1) A good correspondence between the magnetic basement relief and the topographic features are recognized in the forearc region of the northern arc, especially for the depressions of submarine canyons and for the rise at the continental slopebreak. These features may imply the structural origin of the forearc geomorphology.
(2) The magnetic anomalies of the Nisi-Sitito ridge can almost be explained by the normal magnetization of the topographic highs. The N-S trending magnetic basement highs of the Nisi-Sitito ridge are thought to be an old volcanic front which was as active as the present Quaternary volcanic front of the northern arc.
(3) The forearc region of the northern Izu-Ogasawara arc is characterized by the segmented magnetic bodies with relatively low p/J ratio. These magnetic bodies have extraordinary large bulk magnetization, which is an order of magnitude larger than that of the present volcanic edifices. Referring to the P-wave velocity structure, the granitic rocks of magnetite series may be the plausible magnetic source of the forearc magnetic anomalies.
(4) The bulk magnetization of the Quaternary volcanic front in the southern arc from Kinyo to Kaitoku seamount is significantly larger than that of the northern volcanic front north of Sohugan island by a factor of about 2.4. This contrasting features of BMR should be interpreted by one or combination of the following causes such as stability and duration of the volcanic front, the difference of the crustal thickness, the different chemical composition of magma sources, and magma production rate.
(5) The Ogasawara ridge is composed of several magnetic blocks. The Hahasima block underlying Haha-sima island shows normal magnetization. On the other hand, the Titisima block underlying Titisima island shows clockwise deflected magnetization. These differences may pose a question on the entire clockwise rotation of the Izu-Ogasawara arc (Haston and Fuller, 1991) .
(6) In the northern arc, low Bouguer gravity anomalies ranging from 150 to 180 mgal are observed in the backarc side, whereas such a low Bouguer gravity anomaly zone is not seen in the backarc side of the southern arc. The steep gravity gradient zone extending in WSW direction from the Torisima basin may be a gravity boundary separating the northern part from the southern part of the Izu-Ogasawara arc.
(7) It is likely that the undulation of the Moho boundary is reflected as long-wavelength magnetic anomalies. As a whole, the lower crust of the northern arc is more magnetic than that of the southern arc. The p/Jratio of the Moho boundary in the southern arc is larger than that of the northern arc. This may be ascribed to relatively small magnetization contrast of the lower crust. Poor correlation between the long-wavelength magnetic and Bouguer gravity anomalies of the southern arc can be ascribed to the elevated Curie isotherm and the thin crustal layer.
(8) The different geophysical and morphological features between the northern and southern IzuOgasawara arc can be ascribed to the narrow and stable location of the volcanic front in the southern arc, which is to be related with the steep gradient of the subducting slab.
(9) The new model for the origin of the NE-trending en-echelon ridges in the northern arc is proposed by the combination of the faulting and the retreat of the volcanic front. The SFL and the other NNE-trending topographic lineaments can be attributable to the rejuvenation of the ridge and trough structure of the Parece-Vela basin due to the collision ofthe Marcus Necker ridge against the southern arc.
